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The disaccommodation technique was used to determine the activation volume of carbon
~ diffusion, AV, in six fcc iron-nickel alloys. Measurements were made at temperatures rang-
ing from 68 to 90 °C and pressures up to 6 kbar on samples having a nickel content between
31 and 63 at.%. A maximum activation volume of 3.9 cm?/mole was found at 34 at.% nickel.
The compositional dependence of AV is satisfactorily reproduced by a magnetic-energy contin-
uum model in which it is-assumed that the activation free energy of diffusion is essentially

ferromagnetic in origin.

I. INTRODUCTION

A thermally activated process is characterized
by an activation free energy A¢. In the case of dif-
fusion, A¢ is the free energy difference between
the energy minimum and the saddle point in config-
urational space! of the crystal in which diffusion is
occurring. The pressure derivative of the activa-

tion free energy is the activation volume AV. Phys-

ically, the activation volume of interstitial diffusion
represents the change in volume of the crystal when
a mole of interstitial atoms simultaneously moves
from equilibrium sites to “activated sites.”

In order to relate thermodynamic parameters of
lattice defects such as the activation volume to the
properties of the host crystal a continuum model
may be used. In a continuum model the defect is
viewed as a distortion of the continuum which dis-
plays the properties of the crystal being considered.
For an estimate of the activation volume a strain-

energy continuum model? has been used, in which
the free energy of activation is assumed to be es-
sentially a strain energy. On the basis of this as-
sumption, the activation volume of diffusion was
found to be

AV,=2(y- 3k Ad , (1)

where y is the Griineisen parameter and k is the
compressibility of the host lattice. Within the lim-
itations of a continuum model, the activation vol-
umes calculated from Eq. (1) agree with the experi-
mental data except for carbon and nitrogen in iron,
which were also the only ferromagnetic systems
examined. This apparent discrepancy inspired the
investigation of the pressure dependence of the in-
terstitial diffusivity in the nickel-carbon, cobalt-
carbon, and iron-silicon-carbon systems, where

it was also found that the strain-energy model did
not estimate satisfactorily the experimentally de-
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termined activation volumes. ®

Since the systems displaying significant devia-
tions from the estimates of the strain-energy mod-
el were all ferromagnetic, the assumption that the
activation energy could be expressed as a strain
energy was questioned and a magnetic contribution
to A¢ was introduced. The resulting magnetic-en-
ergy continuum model is based on the assumption
that the activation free energy represents the sum
of the strain energy and the ferromagnetic exchange,
anisotropy, and magnetoelastic energies. Upon
neglecting the strain, anisotropy, and magnetoelas-
tic energies, the activation volume of diffusion is
found to be?

AVm=—[oal (%’-)”Jrzx]aw, (2)

where ¢, is the saturation magnetization per unit
mass of the host lattice. The constant 5 will be
defined in Sec. IV. Experimentally determined
values of the activation volumes of interstitial dif-
fusion in ferromagnetic solids, AVexotr and the es-
timates based on the strain-energy [Eq. (1)] and
magnetic-energy [Eq. (2), §=1] models are col-
lected in Table I. None of the experimentally de-
termined activation volumes is equal to either of
the values AV, or AV,. As both AV, and AV,, con-
stitute limiting values it should not be expected that
AVeyt agrees closely with either one. The inequal-
ity AV, <AV <AV, is fulfilled, however.

From Eq. (2) it follows that if 6=1, the activa-
tion volume of diffusion in ferromagnetic solids
should be controlled by the pressure dependence of
the saturation magnetization. A systematic study
of the influence of the pressure dependence of the
saturation magnetization is afforded by the proper-
ties of the fcc iron-nickel alloys, as can be seen

TABLE I. Activation volumes of interstitial diffusion in
ferromagnetic alloys.

Inter- AV,
Metal stitial 6/0* AV, (cm®/mole) AVert
Fe ¢ 0.24 1.3 -0.7 0.037 +£0.033°
0.24 0.0 £0.1¢
N 0.23 1.2 -0.6 —0.040+0.035¢
Fe-Si c@) 0.25 1.3 -0.7 0.3 =+0.3°
(Fe-C-Fe) 0.25 1.3 -0.7 -0.6 +0.9°
Cc(2)
(Fe-C-Si)
hep Co (1) 0.25 1.7 -0.8 -1.7 +2.0°
cq2) 0.25 1.6 -0.8 -0.5 x0.2¢
Ni C 0.61 2.5 -1.4 1.2 +0.1°
29 is the measuring temperature. ® is the Curie tem-

perature.
bReference 4.
®Reference 5.
dReference 6.
®Reference 3.
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FIG. 1. Selected ferromagnetic properties of iron-
nickel alloys (Ref. 7). The saturation magnetization at
room temperature is denoted by o and at 0°K by oy.

from the upper picture in Fig. 1.7 The carbon dif-
fusivity in this system is known® and its magnitude
permits relaxation studies to be performed below
the Curie temperature over a wide range of composi-
tions, particularly in the Invar range of 30-40 at.%
nickel. Therefore, the pressure dependence of the
disaccommodation due to carbon diffusion in fcc
iron-nickel alloys was measured and the results of
this study will be reported in this paper.

II. EXPERIMENTAL PROCEDURE

A. Sample Preparation

Iron-nickel samples were prepared by sintering
and were subsequently carburized in a conventional
manner. For the sintering process, appropriate
amounts of nominally 99.999% Johnson, Matthey,
and Company nickel sponge and 99. 999% United
Mineral and Chemical Company iron sponge were
carefully mixed followed by sintering in dry H, for
8h at temperatures about 20 °C below the solidus
temperature. After sintering, the samples were
swaged and recrystallized in vacuum at 1200 °C,
The carburization was performed by packing the
samples in powdered reactor-grade graphite and
annealing in 500 y of air for appropriate times at
temperatures chosen to give a carbon content of
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TABLE II. Compositions of samples. diffusivity. This technique yielded directly the re-
laxation time of carbon redistribution with respect
at. % Ni to the spontaneous magnetization. If the elementary
Nominal Actual at.% C diffusive jump of the redistribution mode giving rise
63 62,88 0.87 to the disaccommodation is the same as that re-
39 39.44 0.98 sponsible for long-range diffusion, this relaxation
36 36.08 0.90 time is inversely proportional to the diffusivity. !*
34 33.72 0.90 The actual experimental work consisted of mea-
3la 31.43 0.82 2 . . Rensdd
31b 31.45 0.85 suring the exponential decrease in the initial per-

0.9 at. % (+10%). Following carburization, the
samples were homogenized at 1200 °C in vacuum
and subsequently water quenched. The carbon con-
tent was determined by weighing and the nickel con-
tent by chemical analysis. The compositions of
the six samples investigated are given in Table II.

B. Experimental Apparatus

The experimental apparatus consisted of a dis-
accommodation-measuring system and an environ-
ment-control system with which the pressure and
temperature could be selected.

The pressure system consisted of two high-pres-
sure vessels and a commercially available pumping
system. The smaller pressure vessel contained
the manganin coil used to determine the pressure.
Because the resistivity of the manganin is a (weak)
function of temperature, the pressure vessel was
kept in a constant temperature bath at (31+1)°C.
The larger pressure vessel housed the solenoid
used for the disaccommodation measurements.
This pressure apparatus was capable of maintaining
the pressure constant to+ 10 bar and the tempera-
ture control system could maintain the temperature
of the larger vessel to+0.04 °C; it was the same
as that used for previous disaccommodation mea-
surements, 3 except for the following improvements.

The high-pressure vessels and plugs were made
of 18% nickel, 300000-psi yield strength Mar-Aging
steel to extend the pressure and temperature oper-
ating ranges.

The sheathed electrical feedthroughs® were vac-
uum brazedto a Bridgman-type stainless-steel cone,
and the cone was held against the plug with a spe-
cial nut to form a pressure-tight metal-on-metal
seal. To prevent oil leakage through the ceramic
insulation of the sheathed wires, the ends of the
wires were protected by a layer of General Elec-
tric silicon seal.

A triangular cross-section stainless-steel anti-
extrusion ring was incorporated into the seal for
the high-pressure plug.

C. Measurements

The disaccommodation technique!® was used to
determine the pressure dependence of the carbon

meability of the demagnetized samples at pressures
from ambient to 6 kbar. The automatic bridge
used to make the disaccommodation measure-
ments has been described previously. ? The recip-
rocal of the permeability, the reluctivity », was
normalized and fitted by a least-squares analysis!®
to one or a sum-of-two independent exponentials.

In the analysis, equal weight was given to each data
point. These calculations yielded the relaxation
amplitude, the relaxation time 7, and the half-width
B of the Gaussian distribution of the relaxation
time.

The measuring temperatures ranged from 68 to
90 °C. They were chosen so that the initial portions
of the disaccommodation could be measured reli-
ably and such that the runs did not last more than
18h over which period the environmental parameters
stayed within the above specifications. All runs
were terminated when the disaccommodation had
decreased to 0. 1% of its initial value. The maxi-
mum temperature variation between runs of any one

‘alloy at various pressures was 0.20°C. The re-

laxation times were corrected for these small
temperature variations using the known activation
energies of carbon diffusion in iron-nickel alloys. 8

III. RESULTS

The experimental data were analyzed both in
terms of a single relaxation and in terms of a sum-
of-two independent relaxations. Figure 2 shows
some representative data points obtained for the
34% nickel 6-kbar runona plot of normalized re-
luctivity vs the logarithm of the normalized time.
Included in Fig. 2 are two calculated curves which
describe the disaccommodation in terms of one re-
laxation and in terms of two relaxations. It can be
seen from this figure that the two-relaxation analy-
sis describes the data better than the one-relaxa-
tion analysis does. This was the case for all data
taken.

The analysis of each set of data in terms of two
relaxations gave two sets of amplitudes, relaxation
times, and half-widths. For all alloys it was found
that the short-time relaxation accounted for a large
percentage (59-176%) of the total amplitude. There-
fore, all further mention of experimental results
refers to the results for the short-time large-am-
plitude relaxation. It should be noted that all three
sets of calculated relaxation times satisfy the con-

13
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[re=) -r(1)] 7[r =) -r(0)]

o

FIG. 2. Normalized reluctivity
as a function of the logarithm of
the normalized time of a 34 at.%
nickel alloy at 6 kbar. Repre-
sentative data points are indicated
by X’s and the results of a least-
squares analysis in terms of one
(dashed line) and two (straight
line) relaxations are shown.

logo

clusion of this work.

The relaxation time of carbon redistribution of
all alloys increased with pressure. Figure 3 shows
the logarithm of the normalized relaxation time vs
pressure for the six alloys examined. The straight
lines are the results of a linear least-squares fit
used to calculate the activation volume according
t014

slnT
AV—RT( ap) . (3)

All activation volumes of carbon diffusion in the
six iron-nickel alloys resulting from these calcula-
tions (AV,y,) are plotted in Fig, 4. The error
limits represent the values obtained from the linear
least-squares fit to the data plotted in Fig. 3.
Some of them are unexpectedly large; a fact which
will be commented on in Sec. IV.

No significant variation of the half-width as a
function of pressure or composition was detected.

The total relaxation amplitude was a function of
composition and it followed as it should the experi-
mental results for the carbon-induced crystal an-
isotropy energy®!® in iron-nickel alloys. ®

Unlike the compositional dependence of the am-
plitude, the pressure dependence of the amplitude
displayed no readily discernible pattern.

IV. DISCUSSION

In the Introduction it was stated that a continuum
model for solids was used to develop the expres-
sions for the activation volume. In a continuum
model the defect properties are assumed to be de-

termined by the properties of the host solid. There-

fore, the type of defect is not critical, although it

must be expected that a continuum model is more
valid the smaller the defect concentration and the
less complex the nature of the defects. The results
of the least-squares analysis are that two relaxa-
tions describe the data better than one relaxation,
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FIG. 3. Pressure dependence of the relaxation time
of carbon diffusion in six iron-nickel alloys. T, is the
relaxation time at pressure p; 7, is the relaxation time
at ambient pressure.
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FIG. 4. Normalized activation volume of carbon diffu-
sion in fcc iron-nickel alloys. The solid line shows the
activation volume calculated from Eq. (4). The datapoints
are from Table III. The experimental activation volume
for pure nickel was taken from Ref. 3.

and this may be interpreted to mean that either
more than one defect species contributes to the
total disaccommodation or that the redistributing
defect is characterized by more than one time con-
stant. ! It is thought that the main contribution to
the observed disaccommodation is due to single
interstitials, ® which would indicate that the activa-
tion volumes AV,,,, represent activation volumes of
diffusion. The present carbon concentration of
0.9 at.% was chosen because it gives an average
carbon separation of about three fcc lattice param-
eters. If single interstitial atoms are indeed
responsible for the disaccommodation the three-
cell spacing between carbon atoms should minimize
the effects of carbon-carbon interactions and ren-
der the magnetic continuum model more realistic.
From the equation for the magnetic-energy con-
tinuum model [Eq. (2)] it can be seen that the acti-
vation volume AV,, is proportional to o5 (8¢,/
8P),,,T. As shown in the upper part of Fig. 1, this
factor increases very rapidly as the nickel content
is reduced to 30 at.%, so AV,, will also show a rap-
id increase in the same composition range. How-
ever, the experimentally determined activation
volumes given in Table III display a maximum at
34 at.% nickel, so the agreement between AV, and
AVt is poor. An improvement of the theoretical
estimates can be based on a reexamination of the
term A¢ in Eq. (2). Within the confines of the mag-
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netic-energy continuum model the free energy A¢
is proportional to the saturation magnetization.
Consequently, A¢ should exhibit the same variation
with temperature as ¢ does. Since ¢,= ¢, for 9/
©<0. 6 (8 is the measuring temperature and @ is
the Curie temperature) it can be seen from Table
I that the previous results did not need to be cor-
rected for the effects of the temperature on ¢. For
some of the alloys investigated in this study, how-
ever, the measuring temperature approaches the
Curie temperature, as can be seen in Fig. 1 and
Table III. Therefore, the correction factor o, /o,
must be included in Eq. (2) in order to account for
the fact that the ratio 6/ is not smaller than 0. 6.

Besides being a function of temperature, the sat-
uration magnetization of the nickel-iron base alloys
is also a function of composition, as shown in Fig.
1. Therefore, a second correction is needed to
account for this fact. This correction should be
0,/0,9, Where g, is the saturation magnetization of
the alloy being considered and ¢, is the saturation
magnetization at 0 °K of a reference alloy. For the
calculations leading to the results shown in Fig. 4,
the 36 at.% nickel alloy was used as a reference.

It follows that 6 =0, 0,/0, 0,0 and the activation
volume of diffusion in the iron-nickel system is

-1 [ 90g (/XY
0p | — 2 4 . (4
AV,,,OC[ 0 (aP)H,T+ K] G0 0yo (4)

As can be seen from Fig. 4, this expression and
therefore the magnetic-energy model predicts the
position of the maximum found in the experimen-
tally determined activation volumes AV,,,, and re-
produces the compositional dependence of AV,,,,
when o' (30o/8P)y, 7 is large. When o' (30,/
8P)y p is small, the model less satisfactorily re-
produces the compositional dependence. Extension
of the model to include one or more of the neglected
energy terms might result in a better description
of the experimental results, but a lack of experi-
mental data, especially for the magnetostriction,
makes an extension of the model unwarranted.

Consequently, the results of this study lend sup-
port to the idea that in calculating the diffusion
parameters of ferromagnetic solids the exchange

TABLE III. Experimental results.

Nominal AVerpt

at.% Ni {cm®/mole) /@
63 2.59+1.47 0.40
39 3.74£1.07 0.52
36 3.90+0.38 0.63
34 3.94+0.76 0.66
3la 1.35+0.70 0.89
31b 1.81+0.33 0.90
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interaction cannot be ignored.

A final comment concerns the undesirably large
error limits of the values AV,,,, listed in Table III
and shown in Fig. 4. A hint of an explanation is
contained in Fig. 3, where it can be seen that the
deviations of the data points from the least-squares
line are nonrandom. Physically, this phenomenon
may be a consequence of the fact that the activated
state changes its position in configurational space
as a function of pressure, i.e., when the interatom-
ic spacing is changed. In iron-nickel alloys with

their competing ferromagnetic and antiferromag-
netic interactions!® this is possible. Thus, the
large error limits of AV,,,, may merely reflect the
force fitting of the data which was prompted by the
simple model used to interpret the data.
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The MoGssbauer effect and nuclear magnetic resonance are used to examine the temperature

dependence of the domain and wall hyperfine fields in ferromagnetic iron.

The difference be-

tween them is attributed to demagnetizing fields and exhibits a temperature dependence differ—

ent than predicted from consideration of domain and wall spin-wave excitations.

It is proposed

that this temperature dependence arises from distortion of domain shapes with temperature.
After correction to constant volume, the temperature dependence of the hyperfine field is com-

pared with that of new magnetization measurements.

It is shown that an intrinsic temperature

dependence of the effective hyperfine coupling constant exists and may be qualitatively explained
by three mechanisms: (i) phonon admixture of the s and d wave functions, (ii) Stoner-like ex-
citations combined with a strongly energy-dependent hyperfine coupling constant, and (iii)

changes in the intrinsic s-d hybridization due to the changing magnetization.

It is concluded

that differentiation of the three mechanisms is not possible by the present type of experiment
but requires reliable theoretical estimates of the magnitudes of the various effects.

I. INTRODUCTION

While techniques for measuring hyperfine fields
have long been used to study the ferromagnetic
metals, the interpretation of the dependence of

hyperfine fields on thermodynamic variables and

the relation of such fields to the bulk magnetization
is complicated by numerous factors: (i) Most ex-
periments are performed at constant pressure, so
that the data must be corrected to constant volume
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